Drosophila fushi tarazu factor 1 (FTZ-F1, NR5A3) is a member of the nuclear receptor superfamily that regulates the transcription of the homeobox fushi tarazu (ftz) gene during early development (30, 39) . The best-characterized FTZ-F1 homologue is steroidogenic factor-1 (SF-1, NR5A1), a nuclear receptor expressed in particular regions of the steroidogenic organs, the hypothalamus, and the pituitary gonadotropic cells, where it controls critical developmental and physiological processes (48) . Liver receptor homolog 1 (LRH-1, NR5A2) has been characterized as a paralogue of SF-1 in tissues of endodermal origin, such as liver, pancreas, and intestine. LRH-1 was first cloned in the mouse (GenBank accession number M81385), and several orthologues have subsequently been cloned in different species, including Xenopus laevis (FTZ-F1-related receptor xFF1) (15) , chicken (orphan receptor 2.0) (29) , rat (fetoprotein transcription factor) (19) , zebrafish (FTZ-F1-related receptor zFF1) (35) , frog (Rana rugosa FTZ-F1) (41) , and human (pancreas homologue receptor 1) (4); human fetoprotein transcription factor (18) ; human B1-binding factor (34) ; and Cyp7a promoter binding factor (43) .
In the adult animal, LRH-1 has a critical function in diverse pathways controlling cholesterol homeostasis, as evidenced by its role in the control of the expression of cholesterol 7␣-hydroxylase (Cyp7A1), the rate-limiting enzyme of the bile acid biosynthesis pathway (37, 43) , sterol 12␣-hydroxylase (Cyp8B1), involved in cholic acid synthesis (9) , multidrug resistance protein 3, implicated in the enterohepatic circulation of bile salts (24) , and the cholesteryl ester transfer protein (38) and scavenger receptor class B type I (50), two key players in reverse cholesterol transport.
Besides its role in metabolism, LRH-1 also controls the expression of a number of developmental genes, such as ␣-fetoprotein, a marker of early liver development (19) , and the transcription factors HNF-3␤ (49), HNF-4␣, and HNF-1␣ (47) , which coordinate hepatic developmental gene expression. Conversely, the expression of the mouse LRH-1 gene is under the control of the transcription factors GATA, Nkx, basic helix-loop-helix factors, and HNF-4␣ (47) whereas the human LRH-1 gene is regulated by HNF-3␤ and HNF-1 (65) , all transcription factors involved in developmental control of gene expression. These findings establish a critical role for LRH-1 in hepatic development and homeostasis, yet the contribution of LRH-1 to the formation and function of the pancreas, a tissue in which LRH-1 is abundantly expressed, is still poorly understood.
Pancreatic-duodenal homeobox 1 (PDX-1; also called IUF-1, IPF-1, IDX-1, STF-1, and GSF) is a homeodomain transcription factor essential for pancreatic development (for review, see reference 13). Targeted disruption of the PDX-1 gene in mice as well as homozygous mutation of the human PDX-1 gene leads to pancreas agenesis (26, 44, 56) . Moreover, heterozygous mutations in the human PDX-1 gene are linked to maturity-onset diabetes of the young type 4 and late-onset type 2 diabetes mellitus (23, 56) .
PDX-1 is first detected in mouse embryos at embryonic day 8.5 (E8.5), and its expression is localized throughout the pancreas during embryonic development (45) . During adulthood, PDX-1 is predominantly expressed in the ␤-cells of the islets, where it regulates directly or indirectly the expression of genes such as insulin (45) , glucokinase (62) , islet amyloid polypeptide (52) , and the glucose transporter type 2 (61). This transcriptional regulation occurs via the binding of monomeric PDX-1 through a GTAATC consensus site. PDX-1 is also found in pancreatic ductal and acinar cells, where it controls the expression of elastase I as a heterodimeric complex with two homeodomain proteins, PBX-1b and MRG1 (58) .
In this study, we characterized the developmental regulation of the LRH-1 gene. Most importantly, we show here that LRH-1 and PDX-1 are coexpressed during pancreatic development and that LRH-1 expression is regulated by PDX-1, both in vitro and in vivo. Altogether, our data suggest that LRH-1 is a major player in pancreatic development and homeostasis.
RNAi and immnuoblotting. The RNA interference (RNAi) experiment was performed with the pSUPER RNAi system, following the manufacturer's instructions (DNAengine, Seattle, Wash.). Briefly, a double-stranded oligonucleotide targeting nucleotides 709 to 727 (5Ј-GATCCCCCCCGAGGAAAACAAGAGGATT CAAGAGATCCTCTTGTTTTCCTCGGGTTTTTGGAA-3Ј) of murine PDX-1 mRNA was cloned in the BglII and HindIII sites of the pSUPER vector. Transient transfection was carried out in 60-mm plates containing mock-and PDX-infected LTPA cells, with Lipofectamine (Life Technologies) and 10 g of the empty pSU-PER or PDX-1 RNAi vector. After 48 h, cells were harvested for whole-cell protein extracts, and Western blotting was performed as described previously (17) . RNAi experiments were repeated three times. Intensities of the LRH-1 and PDX-1 protein signals were quantified by phosphorimager analysis, and the induction was calculated after normalization to ␤-actin protein levels.
RESULTS
LRH-1 and PDX-1 are coexpressed in the developing mouse pancreas. LRH-1 is expressed early in the developing pancreas (49) . In view of the presence of homeobox response elements in the promoter region of the LRH-1 gene (47), we hypothesized that PDX-1, a homeobox transcription factor essential for pancreatic development, may control pancreatic LRH-1 expression. LRH-1 mRNA was already detected at E7 by Northern blot analysis and increased significantly from E7 to E17 (Fig. 1A) . We then checked whether LRH-1 and PDX-1 were coexpressed with in situ hybridizations in embryos from stage E7.5 to E16.5. In situ hybridizations on E7.5 embryos showed that LRH-1 was present in the yolk sac endoderm, the embryonic endoderm, the neural ectoderm, the amnion, the chorion, and parietal endodermal cells attached to the Reichert's membrane, and it remained expressed at later stages in tissues of endodermal origin, such as liver, intestine, and pancreas (Fig. 1B) . LRH-1 expression was also detected in the spinal cord and salivary gland. The in situ hybridization for PDX-1 was consistent with a previous report documenting PDX-1 expression in pancreas starting from E8.5 (45) . PDX-1 was thereafter detected in pancreas and small intestine, as described previously (1, 14, 25, 44) (Fig. 1B) .
Human LRH-1 promoter is transcriptionally regulated by PDX-1 in transfected cells. In view of the coexpression of LRH-1 and PDX-1 in the developing pancreas, we analyzed whether the promoter of the human LRH-1 gene was regulated by PDX-1. Interestingly, LRH-1 promoter activity was induced approximately 8-fold and 2.5-fold upon cotransfection of a PDX-1 expression vector in kidney 293T and pancreatic MiaPaca-2 cells, respectively ( Fig. 2A) .
Five potential binding sites homologous to the PDX-1 consensus site YHTTAATK (46) , termed Pdx 1 to 5, were identified in the human LRH-1 promoter. One of these PDX-1 consensus sites, Pdx 5, is perfectly conserved between the mouse, rat, and human LRH-1 genes (Fig. 2B, gray box) . Unfortunately, we were not able to find mouse and rat homologous sequences that we could align with the human sequence covering the Pdx 1 to 4 sites, since these murine and rat sequences are not yet available in the genomic database. In consequence, we cannot rule out the presence of genomic homology blocks in rodents corresponding to the human Pdx 1 to 4 sites.
Next, all five potential PDX-1 binding sites in the human LRH-1 promoter were tested by EMSA for their ability to bind PDX-1 protein. In contrast to the putative binding sites Pdx 1 and Pdx 4, which were both unable to bind in vitro synthesized PDX-1, Pdx 2, 3, and 5 bound all PDX-1 protein to about the same extent as the binding observed between PDX-1 and the consensus PDX-1 binding site in the rat insulin promoter (Fig.  3A) (12) .
We also investigated whether endogenous PDX-1 protein from insulinoma NIT-1 nuclear extracts was able to bind to the Pdx 2, 3, and 5 sites (Fig. 3B) . A strong retarded band of the same size and roughly the same intensity as the one obtained with the in vitro synthetised PDX-1 was observed in EMSA (Fig. 3B, compare lanes 2, 6 , and 10 to 3, 7, and 11). This band was specific to PDX-1, as demonstrated by its partial abrogation upon preincubation with an anti-PDX-1 antibody (Fig. 3B,  lanes 4, 8, and 12 ). With in vitro synthesized PDX-1, binding to the Pdx 2, 3, and 5 sites could be competed away by adding increasing amounts of the respective unlabeled oligonucleotides (Fig. 3C, lanes 5 and 6) , whereas the mutated Pdx oligonucleotides competed less efficiently (Fig. 3C, lane 7) . Addition of an anti-PDX-1 antibody but not the preimmune serum in the EMSA resulted in a decrease in the intensity of binding of PDX-1, confirming that PDX-1 binds to these three sites (Fig. 3C, lanes 8 and 9) . Moreover, radiolabeled doublestranded oligonucleotides containing the mutated PDX-1 binding sites 2, 3, and 5 were unable to bind PDX-1 protein (Fig. 3C, lane 10) .
Several deletion constructs of the human LRH-1 promoter spanning the regions from Ϫ2260, Ϫ1394, Ϫ1129, and Ϫ536 up to ϩ133 were next tested for their ability to respond to PDX-1 (Fig. 3D ). Compared to that of the largest construct, the luciferase activity of the smaller LRH-1 promoter deletion constructs was considerably attenuated in the presence of PDX-1 (8-fold versus 2-to 3-fold), indicating that the two PDX-1 binding sites, Pdx 2 and Pdx 3, located in the sequence between bp Ϫ2260 and Ϫ1394 of the human LRH-1 gene were of major importance.
We next mutated each of the PDX-1 binding sites able to bind PDX-1 in EMSA to confirm that these DNA sequences mediate the effect of PDX-1 in transfection. Compared to the wild-type human LRH-1 promoter, individual mutation of sites 2, 3, and 5 led to a reduced capacity of PDX-1 to activate the human LRH-1 promoter, ranging from 30% (mutated site 3) to 60% (mutated site 2) (Fig. 3D) . A further small reduction in promoter activity was observed when both sites 2 and 3 or 3 and 5 were mutated (data not shown).
In order to analyze the transcriptional effect of endogenous PDX-1 on the human LRH-1 promoter, we performed transient transfection studies with the site 3 mutant in MiaPaca-2 cells. In MiaPaca-2 cells as well, a decrease in basal LRH-1 promoter activity of the site 3 mutant was observed compared to the wild-type construct, defining this site as an important regulatory sequence for basal activity (data not shown). Together, these data identify site 3 as an important functional PDX-1 site in the human LRH-1 promoter but also suggest that sites 2 and 5 contribute to the regulation of the human LRH-1 gene. In situ hybridizations on adjacent sections of E7.5, E9.5, E13.5, and E16.5 mouse embryos. Coexpression of LRH-1 and PDX-1 was observed in the pancreas (panc) and in the intestine (int). LRH-1 was also detected in the yolk sac endoderm (YSE), the embryonic endoderm (E), the neural ectoderm (NEc), the amnion (A), the chorion (Ch), the parietal endodermal cells attached to the Reichert's membrane (PE), the liver (liv), the salivary gland (sg), and the spinal cord (sc). Counterstaining with toluidine blue is depicted on the left panel. and PDX-1 ( Fig. 4A and B). Genomic DNAs derived from both pancreatic cell lines were cross-linked to proteins and sonicated. After immunoprecipitation with antibodies specific to PDX-1 or to acetylated histones H3 and H4, the recovered DNA was analyzed with primers spanning a 320-bp region comprising the Pdx 2 and Pdx 3 sites, schematically depicted in Fig. 4C . Consistent with the previous EMSA data, the antibody specific to PDX-1 precipitated endogenous PDX-1 protein bound to the LRH-1 promoter under basal conditions in both MiaPaca-2 and Panc-1 cells (Fig. 4D, lane 3) . No immunoprecipitation was observed when a preimmune serum was used for ChIP, demonstrating the specificity of the anti-PDX-1 antibody (Fig. 4D, lane 2) . In addition, the same 320-bp fragment could also be amplified when anti-acetylated H3 or H4 antibodies were used to precipitate chromatin. The finding that binding of PDX-1 to the human LRH-1 promoter is associated with the presence of acetylated histones suggests that this promoter is transcriptionally active in these cells (Fig. 4D, lanes 4 and 5) . Moreover, retroviral expression of PDX-1 in pancreatic LTPA cells resulted in an increased binding of PDX-1 to the LRH-1 promoter compared to the nonexpressing cell line (Fig. 4E, lane 3 , compare top and bottom panel, LRH-1). The increased occupancy of the LRH-1 promoter by PDX-1 was associated with a robust increase in acetylated H3 or H4 on the promoter. Under similar conditions, no modification in the presence of acetylated histone H3 or H4 on the GAPDH promoter was observed (Fig. 4E, lanes 4 and 5, GAPDH) . Although these data suggest that this increased presence of acetylated H3 and H4 is caused by overexpression of PDX-1, they do not prove a causal relationship. PDX-1 binds to LRH-1 promoter during pancreatic development. To further investigate the relevance of PDX-1 binding to the LRH-1 promoter during development, we next performed ChIP assays in mouse embryos. Since the Pdx 5 site is highly conserved between the mouse, rat, and human genes (Fig. 2B) , we designed primers amplifying 360 bp of this region to analyze PDX-1 binding to the murine LRH-1 promoter in vivo (Fig. 5A) . Because of the difficulties in isolating pancreas in E13.5 embryos, we initially microdissected the gut combined with the pancreas (Fig. 5B) . At this stage, PDX-1 was present in the embryonic gut-pancreas mixture and bound to the LRH-1 promoter (Fig. 5C, lane 3) . Moreover, the promoter of the LRH-1 gene was immunoprecipitated by anti-acetylated H3 antibody, indicating transcriptional activity of LRH-1 during this phase of endodermal development (Fig. 5C, lane 4) .
PDX-1 binds to the LRH-1 promoter in
We then repeated the in vivo ChIP on pancreas, gut, and liver isolated from E16.5 and E17.5 embryos (Fig. 5D) . Interestingly, PDX-1 was only bound to the LRH-1 promoter in the pancreas at E16.5 (Fig. 5E, lane 3, LRH-1, pancreas) , but not at E17.5 (Fig. 5F, lane 3, LRH-1, pancreas) . Acetylated histone H3 occupied the LRH-1 promoter during all these stages of development. LRH-1 was reported to be expressed throughout the pancreas until E17, after which it becomes confined to the exocrine pancreas (49) . Therefore, our results suggest that PDX-1 regulates LRH-1 expression during a well-defined time window when both factors are coexpressed in the pancreas (until E16.5 to 17). Later on during development, this regulation does not occur anymore, due to compartmentalization of LRH-1 in the exocrine and PDX-1 in the endocrine pancreas.
PDX-1 and LRH-1, however, were still coexpressed in the small intestine at E16.5 and E17.5, but no PDX-1 was detected on the LRH-1 promoter in this tissue (Fig. 5E and F, lane 3,  LRH-1, gut) , demonstrating that the binding of PDX-1 on the LRH-1 promoter is pancreas specific. Nevertheless, the murine LRH-1 promoter revealed an acetylation of histone H3 in (Fig. 5C , E, and F, lanes 4, LRH-1). The amplification of the GAPDH promoter with an anti-acetylated H3 antibody did not change during development.
PDX-1 expression induces LRH-1 expression.
In order to confirm that PDX-1 regulates LRH-1 expression in vivo, we examined PDX-1 and LRH-1 expression in the pancreatic LTPA cell line infected with a control or a murine PDX-1-encoding retrovirus. Both mRNA and protein levels of PDX-1 were induced in the cell line infected with the PDX-1 retrovirus (Fig. 6A, lanes 4 and 6, Ͼ50-fold induction) , whereas no expression of PDX-1 was observed in the cell line transduced with the empty retroviral vector (Fig. 6A, lanes 2 and 5) . In addition, the expression of PDX-1 translated in a robust induction of LRH-1 expression at both the mRNA and protein levels (Fig. 6A , compare lanes 2 to 4 and 5 to 6, 16-fold induction), whereas no difference in the expression of 36B4 mRNA (Fig. 6A, compare lanes 2 and 4) or ␤-actin protein (Fig. 6A , compare lanes 5 and 6) was observed between control and PDX-1-infected cells. We speculate that this increased expression of LRH-1 in this cell line is caused by increased binding of PDX-1 to the LRH-1 promoter, as demonstrated by the ChIP experiments performed in these LTPA cells, shown in Fig. 4D .
The results of the retroviral experiment above demonstrated clearly that ectopic expression of PDX-1 induces LRH-1. We next explored whether a knock-down of PDX-1, by use of RNAi technology, could result in a decrease of LRH-1 expression in these retrovirally infected cells. In the LTPA cell lines stably expressing a control or a PDX-1-encoding retrovirus, two different RNAi constructs, one corresponding to an empty vector (Fig. 5B, lanes 1 and 3) and one corresponding to sequences targeting nucleotides 709 to 727 of the murine PDX-1 mRNA (Fig. 6B , RNAi, lanes 2 and 4), were transiently transfected. When RNAi constructs were transfected in the cell line expressing PDX-1, the expression of the PDX-1 protein was significantly reduced compared to that in the cells transfected with the empty RNAi vector (70% reduction; Fig.  6B , PDX-1, compare lanes 3 and 4). The decrease in PDX-1 protein expression was associated with a robust decrease in LRH-1 protein levels (50% reduction; Fig. 6B , LRH-1, compare lanes 3 and 4). Moreover, in the LTPA cell line infected with the control vector and hence not expressing PDX-1, the RNAi vector for PDX-1 had no effect on the LRH-1 protein levels (Fig. 6B, compare lanes 1 and 2) , demonstrating the specificity of this transcriptional regulation. Furthermore, we also studied the expression of LRH-1 upon downregulation of endogenous PDX-1, with the RNAi constructs described above in transient transfection experiments in pancreatic MiaPaca-2 cells, known to express both LRH-1 and PDX-1. In these MiaPaca-2 cells, we observed a decrease of both LRH-1 (50% reduction) and PDX-1 (40% reduction) protein levels (Fig. 6B , RNAi, lanes 5 and 6). The decrease in PDX-1 and LRH-1 expression was somewhat less pronounced than the downregulation observed with the LTPA cell lines stably expressing a PDX-1-encoding retrovirus (Fig. 6B , RNAi, compare lanes 3 to 4 and 5 to 6). We finally also studied PDX-1 Ϫ/Ϫ mice to obtain in vivo evidence of the relevance of LRH-1 regulation by PDX-1. In three PDX-1 Ϫ/Ϫ mice, LRH-1 expression was decreased in the developing pancreatic bud of E9.5 embryos compared to their wild-type littermates (Fig. 6C and data not shown) . Interestingly, LRH-1 signal was also decreased in the embryonic liver of the mutant mice. Although we have no direct explanation, non-cell-autonomous effects can account for the observed effect at this stage of embryonic development. Since quantification of mRNA levels is difficult by either in situ hybridization analysis or quantitative PCR due to the small size of these developing organs, these conclusions need to be interpreted with caution.
DISCUSSION
Temporally and spatially controlled gene expression patterns are the basis of tissue development and differentiation. Since LRH-1 is expressed during early pancreatic development, this orphan nuclear receptor could constitute an impor- Since LRH-1 and PDX-1 are coexpressed throughout pancreatic development, we evaluated whether PDX-1 could be a transcriptional regulator of LRH-1. PDX-1 was shown to activate the human LRH-1 promoter in transient transfections and to bind to specific DNA sequences in the LRH-1 promoter, both in vitro and in vivo. Changes in PDX-1 levels in cells, by either retroviral overexpression or RNAi-mediated inhibition, induced concomitant changes in murine LRH-1 expression. In vivo ChIP analysis furthermore demonstrated that PDX-1 regulates pancreatic LRH-1 expression until E16.5 of mouse pancreatic development. Although LRH-1 and PDX-1 are also coexpressed in the small intestine, PDX-1 is not bound to the murine LRH-1 promoter in this tissue, demonstrating that this regulation occurs only in a temporally and tissuerestricted fashion, i.e., in a well-defined time window (E8.5 to E16.5) during pancreatic development, but not in the rest of the gut.
PDX-1 null embryos (E9.5) were also examined in order to investigate the relevance of the role of PDX-1 in LRH-1 expression. Compared to wild-type embryos, PDX-1 null embryos show a decrease in LRH-1 expression in the pancreatic bud. Interestingly, we also observed lower levels of LRH-1 in the liver, a tissue where PDX-1 is not supposed to be expressed. Since the expression of PDX-1 begins at stage e8.5, it is possible that non-cell-autonomous effects might affect the expression of a number of genes critical in tissues that arise from the gut endoderm, such as the liver. The absence of PDX-1 could in fact alter the expression of a morphogen in the gut anlagen and affect the expression of a number of genes in the liver, as we observed here for LRH-1. Although the in vivo data go in the same direction as the in vitro data, they should be interpreted with caution in view of the complexity of the regulatory systems specifying development, the potential interference by other regulatory factors, and the difficulty in quantifying in situ hybridization experiments.
PDX-1 is a critical developmental transcriptional regulator in the pancreas and is itself controlled by a number of endodermal transcription factors. PDX-1 expression is under the con- (11, 20, 31, 54) . Mice homozygous for a null mutation of HNF-3␤ have severe problems in gastrulation, and mutant embryos do not develop beyond E8.5, suggesting that HNF-3␤ is a key factor for development (3, 63) . However, conditional deletion of HNF-3␤ in adult hepatocytes shows that this factor is dispensable for normal adult liver function, demonstrating different roles in embryos and adults (57) .
Interestingly, LRH-1, which we show to be a PDX-1 target gene, regulates HNF-3␤ in vitro (49) , highlighting a potential autoregulatory loop involving HNF-3␤, PDX-1, and LRH-1 (Fig. 7) . Although the relevance of the regulation of HNF-3␤ by LRH-1 needs to be demonstrated in vivo, regulatory loops involving transcriptional cascades could play important roles in establishing control circuits that govern pancreatic development. More generally, these data also suggest a role for LRH-1 as an eventual more global regulator of endodermal development, given the fact that LRH-1 controls HNF-3␤ expression in vitro and LRH-1 Ϫ/Ϫ embryos die at E7 (47; J.-S. Annicotte, K. Schoonjans, and J. Auwerx, unpublished data). It is also interesting that the basic helix-loop-helix transcription factor Ptf1a, which was first described as an exocrine-specific protein involved in exocrine pancreatic development and islet architecture (28) , was recently shown to be crucial to orient undifferentiated foregut endoderm into the pancreatic fate (27) . This raises the possibility that LRH-1, which, like Ptf1a, is expressed in an exocrine-specific manner in the adult, might participate in the early steps of the pancreatic differentiation program.
The central position of LRH-1 in the transcriptional cascade controlling pancreatic development suggests that LRH-1 could also play an important role in homeostatic regulation during adulthood, as described previously for these other transcription factors that control endodermal development (reviewed in reference 55). Several reports demonstrate that PDX-1 is required not only for pancreas development but also for normal ␤-cell function and insulin secretion (2, 7) . Also, the homeodomain transcription factor HNF-1␣, which regulates expression of PDX-1, LRH-1, Beta2/NeuroD, and HNF-4␣, has been reported to control insulin secretion (32) . Mutations in the human HNF-1␣ gene are linked to maturity-onset diabetes of the young type 3 (8, 33) . Moreover, in HNF-1␣ Ϫ/Ϫ mice, PDX-1 and Beta-2/NeuroD levels are downregulated in islets in newborns and adults, confirming the importance of these factors in insulin production (54) . A recent study with compound heterozygous mutations for PDX-1 ϩ/Ϫ /HNF-3␤ ϩ/Ϫ and PDX-1 ϩ/Ϫ /HNF-1␣ ϩ/Ϫ further underscores the importance of PDX-1, HNF-1␣, and HNF-3␤ in controlling glucose tolerance, glucose-stimulated insulin secretion, and islet architecture (53) .
Another player in this regulatory network is HNF-4␣, whose promoter is under the control of LRH-1, HNF-1␣, and PDX-1 (5, 47, 60) . Mutations in the human HNF-4␣ gene have been linked to maturity-onset diabetes of the young type 1 (64) . Furthermore, a mutation of the PDX-1 binding site in the HNF-4␣ P2 alternative promoter was identified in a large family with maturity-onset diabetes of the young (60) . This mutation cosegregates with diabetes and leads to decreased PDX-1 binding and transcriptional activation, suggesting that a transcriptional deregulation of PDX-1 target genes could be linked to maturity-onset diabetes of the young. The atypical nuclear receptor SHP has also been demonstrated to be a direct target gene of both LRH-1 and HNF-4␣ (22, 37, 54) . Interestingly, mutations in the SHP gene were again linked to diabetes (42) . Since all these transcription factors, which function either upstream or downstream of LRH-1, as highlighted in Fig. 7 , affect glucose homeostasis, it is tempting to speculate that LRH-1 could also participate in this process and alludes to the existence of similar transcriptional regulatory cascades in developing and adult pancreas.
One problem in concluding that LRH-1 also plays a role in the endocrine pancreas is the fact that, unlike the other transcription factors, LRH-1 is not expressed in ␤-cells but is confined to the exocrine pancreas in the adult mouse (no data exist on LRH-1 expression in human islets). LRH-1 could, however, still take part in ␤-cell differentiation and homeostasis, a phenomenon linked to its expression in ductal epithelial cells in adult pancreas (49) . Ductal cells are known to possess characteristics of pancreatic progenitor cells through their capacity to proliferate or to differentiate into endocrine ␤-cells (6, 16, 21, 40) . Our observation might reinforce a potential link between LRH-1 in the exocrine pancreatic compartment and ␤-cell neogenesis. The exact role of LRH-1 in ductal cells hence warrants further investigation, and modulation of its activity might eventually open novel therapeutic strategies for the treatment of diabetes by in vitro differentiation of ductal cells into ␤-cells.
In conclusion, we demonstrate here that the expression of LRH-1 is controlled by the transcription factor PDX-1. LRH-1 might be a component of a transcriptional network involving PDX-1, HNF-1␣, HNF-4␣, and HNF-3␤ that determines pancreatic development and could also play a role in pancreas homeostasis in the adult. These data hence underscore the requirement for careful mechanistic and genetic studies to define whether LRH-1 contributes to diseases linked to pancreatic dysfunction, such as diabetes. 00930 ), and NIH (1-P01-DK59820-01). J.S.A. and E.F. are supported by fellowships from the Ligue Nationale Contre le Cancer and the Association pour la Recherche sur le Cancer, respectively.
